Migratory birds can utilize the geomagnetic field for orientation and navigation through a widely accepted radical-pair mechanism. Although many theoretical works have been done, the available experimental results have not been fully considered, especially, the temporary disorientation induced by the field which is increased by 30% of geomagnetic field and the disorientation of the very weak resonant field of 15nT . In this paper, we consider the monotonicity of the singlet yield angular profile as the prerequisite of direction sensitivity, and find that for some optimal values of the hyperfine coupling parameters, that is the order of 10 −7 ∼ 10 −6 meV , the experimental results available by far can be satisfied. We also investigate the effects of two decoherence environments and demonstrate that, in order to satisfy the available experimental results, the decoherence rate should be lower than the recombination rate. Finally we investigate the effects of the fluctuating magnetic noises, and find that the vertical noise destroys the monotonicity of the profile completely, but the parallel noise preserves the monotonicity perfectly and even can enhance the direction sensitivity.
I. INTRODUCTION
Recently, a new interdisciplinary subject called quantum biology [1, 2] arouses growing interests in scientists. The major purpose of this subject is to understand the biological phenomena using the fundamental theory of quantum mechanics, such as photosynthesis [3] [4] [5] [6] [7] [8] [9] [10] , natural selection [11] , the process of olfaction [12, 13] , enzymatic reactions [14, 15] , and avian magnetoreception [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . Here, we are specifically interested in avian magnetoreception.
It is well known that certain migratory birds can use the Earth's magnetic field for orientation and navigation [27] [28] [29] through a widely accepted radical-pair mechanism [30] [31] [32] [33] [34] which was first proposed in the pioneering work by Klaus Schulten et al. [35] . Based on such mechanism, an avian compass model has been proposed theoretically [36] . The behavioral experiment showed that the avian compass is an inclination compass, i.e., it is sensitive to the axis but not to the polarity of the geomagnetic field [37] . Furthermore, the direction sensitivity is limited to a narrow "functional window": the avian compass is disoriented temporarily when the intensity of local magnetic field increases or decreases by about 30% of the local geomagnetic field, however, reworks after a sufficiently long time to adapt itself [37] [38] [39] . Compared with the geomagnetic field of 46µT , the resonance magnetic field of 480nT which is not parallel to the geomagnetic field disrupts the bird's ability to orient [40, 41] . In addition, the disorientation induced by the resonance magnetic fields of 150nT , 48nT and even 15nT has also been observed, while the resonance field of 5nT does not disrupt the birds [42] . If the birds are * Electronic address: zoujian@bit.edu.cn exposed to a stronger local magnetic field of 92µT , resonance magnetic fields of 150nT , 48nT and 15nT still disrupt the birds, and still that of 5nT does not [42] .
Recently, both the lifetime and the coherence time of the radical pair were discussed. Considering the fact that the 150nT resonance field disrupts the birds, Erik et al. estimated the lifetime and coherence time for a certain hyperfine (HF) coupling that is greater than the intensity of the geomagnetic field [19, 20] . Besides considering the resonant field of 150nT , Jayendra et al. additionally investigated the influences of the magnetic field reduced by 30% of the geomagnetic field and the resonance fields of 480nT and 48nT for a HF coupling that approximately equals the intensity of geomagnetic field [24] . Generally the authors chose a specific value of the HF coupling parameter and did not give the reason. We have only seen one theoretical work discussing the effects of HF coupling, and they optimized the hyperfine coupling parameters to achieve the best magnetic field sensitivity [23] . Although many theoretical works have been done, until now the experimental results have not been fully considered, for example, the effects of the very weak oscillating fields of 15nT and 5nT and that of local magnetic field which is increased by 30% of the geomagnetic field. Very recently, Erik et al. have pointed out that the effect of the resonant field of 15nT should be considered [20] . In this paper we consider all the experimental features mentioned above: (i) the fields which are decreased and increased by about 30% of the geomagnetic field induce the transient disorientation; (ii) the additional resonant fields of 480nT , 150nT , 48nT and even 15nT which are orthogonal to the local geomagnetic field cause the disorientation, but that of 5nT does not; (iii) if the birds are exposed to a stronger local magnetic field of 92µT , the resonance magnetic fields of 150nT , 48nT and 15nT still disrupt the birds, and the 5nT resonance field does not. Based on these experimental results, we estimate the HF coupling parameters. We find that the HF coupling parameters should be the order of 10 −7 ∼ 10 −6 meV and find the optimal values of the HF coupling parameters so that all the experimental results mentioned above can be satisfied. The intriguing feature of the avian compass is that it can work using the fundamental theory of quantum mechanics at room temperature when various kinds of noises may exist. Here we also investigate the effects of the two environment noises on the singlet yield. We demonstrate that, in order to satisfy all the available experimental results, the decoherence rate should be lower than the recombination rate. Finally, we also investigate the effects of the random fluctuation of the magnetic field on the avian compass because it is inevitable around the world, and find that the monotonicity is destroyed completely by vertical noise but preserved by parallel noise. Moreover, the parallel noise even can enhance the direction sensitivity of the avian compass.
This paper is organized as follows. In section II, we introduce the most basic avian compass model. Next, we discuss the effects of the HF coupling on the singlet yield in section III and the effects of decoherence noises in section IV. Then, we investigate the effects of the random fluctuating magnetic field in section V and discuss the recombination rate k in section VI. Finally, some discussions and conclusions are given in section VII.
II. MODEL
The most basic model of the avian compass consists of two electronic spins coupled to an external magnetic field and one nuclear spin. The nucleus spin interacts anisotropically with only one of the electron spins, thus it provides asymmetry and leads to singlet-triplet transition required for the direction sensitivity. The corresponding Hamiltonian iŝ
whereÎ is the nuclear spin operator, and A is the anisotropic hyperfine (HF) tensor with a diagonal form A = diag(A x , A y , A z ). And we consider an axially symmetric molecule, i.e.,
are the electronic spin operators (i = 1, 2), γ = 1 2 µ B g s is the gyromagnetic ratio, with µ B is the Bohr magneton and g s is the g-factor of the electron. Here we assume that the g-factors are the same for both electron spins and set their values according to free electron, i.e., g s = 2. B is the external magnetic field around the radical pair. We consider a geomagnetic field B 0 plus a resonant radio frequency field B rf :
= B 0 (sin θ cos φ, sin θ sin φ, cos θ) + B rf cos ωt(sin α cos β, sin α sin β, cos α).
B 0 is the intensity of the Earth's magnetic field, and θ and φ describe its orientation to the basis of the HF tensor. B rf is the strength of additional oscillating field with frequency ω. α and β give the direction of the oscillating field. Due to the axial symmetry of the HF tensor we set φ = 0 and focus on θ ∈ [0, π/2] without loss of generality. This is supported by the experiment that the avian compass does not depend on the polarity of magnetic field but only on its inclination [37] . In this paper we only consider the vertical oscillating field with α = π 2 − θ and β = 0, because the parallel oscillating field has no effect on avian compass [40] [41] [42] .
We consider the same singlet and triplet recombination rates, i.e., k S = k T = k, and in this situation, the singlet yield can be calculated as
where r(t) = k exp(−kt) is the radical recombination probability distribution [30] , and f s (t) = S|ρ s (t)|S is the population of the singlet state |S =
is the reduced electronic spin state at time t with the partial trace over the nucleus subspace. Recently, it has been pointed out that the lifetime of radical pair should be the order of 10 −4 s, i.e., k = 10 4 s −1 [19, 20] . In this paper we let k = 10 4 s −1 and will discuss the validity of it in Sec. VI. We suppose that the electronic spins are initially in the singlet state |S and the nucleus is in a completely mixed state, i.e., ρ(0) = 
III. ESTIMATION OF THE HF COUPLING PARAMETERS
Are there any appropriate values of the HF coupling parameters consistent with all the available experimental results for this basic model of avian compass? To answer this question, we consider all the experimental results mentioned above and investigate the roles of the HF coupling parameters played on the singlet yield angular profile. First of all, we strictly consider the monotonicity of the singlet yield (Φ s ) angular profile as the prerequisite of direction sensitivity. We argue that if the singlet yield varies non-monotonously with the direction angle, the same signal will be induced for different directions, and the disorientation will occur. Now without considering the environment we investigate a "cigar-shaped HF tensor", i.e., A z > A x = A y . The geomagnetic field is set as B 0 = 46µT which is the intensity of the geomagnetic field in Frankfurt [42] . For the convenience of our calculation, we consider γB 0 as the energy scale with B 0 = 46µT . First we let A x = A y = 0 and investigate the role of the vertical factor A z . Without considering the resonant magnetic field, i.e., B rf = 0, the analytic result can be obtained from Eq. (3) [23] :
, and cos θ ′ = (B 0 cos θ + a)/B 1 . From our numerical calculations we find that A z can be approximately divided into three regimes: (1) very weak hyperfine coupling regime A z /γB 0 ∈ (0, 2 × 10 −3 ), in which the singlet yield increases monotonously with θ; (2) strong hyperfine coupling regime A z /γB 0 > 3, in which the singlet yield decreases monotonously with the direction angle; (3) transition regime A z /γB 0 ∈ (2 × 10 −3 , 3), in which the singlet yield profile changes from increasing with θ to decreasing.
Then we investigate the effect of resonant field and that of magnetic fields which are increased and decreased by 30% of the geomagnetic field, i.e., 32.2µT and 59.8µT , for different values of HF coupling parameters. Generally we believe that if a resonant field disorients the birds, a stronger resonant field disrupts them as well. It is known that the weakest resonant field which disorients the birds is 15nT [42] , therefore we set B rf = 15nT . When B 0 = 46µT , the corresponding Larmor frequency is about 1.315M Hz, thus we set ω/2π = 1.315M Hz. In the very weak regime, i.e., A z /γB 0 ∈ (0, 2 × 10 −3 ), without considering the horizontal factors, i.e., A x = A y = 0, the singlet yield increases monotonously with the direction angle, and the singlet yield profile is regular and stable that the very weak oscillating field of 15nT and 30% weaker and stronger magnetic fields can not influence it. Furthermore we consider the values of horizontal factors A x = A y = 0. According to our numerical calculation we find that for a fixed A z , when A x = A y < A z the singlet yield angular profiles are very similar to that of A x = A y = 0, i.e., the singlet yield increases monotonously with the direction angle, and is immune to the very weak oscillating field of 15nT and 30% weaker and stronger magnetic fields. Here, we set A z = 2A x = 2A z = 10 −3 γB 0 as an example and plot the singlet angular profiles in Fig. 1 . From Fig. 1 we can see that the different singlet yield profiles in various cases are almost coincident with each other, which means that the 15nT resonant field and 30% weaker and stronger fields can not disrupt the magnetic sensitivity. It can be understood that for the very weak HF coupling, the geomagnetic field plays a dominant role in the dynamics of radical pair, and the transition rate between singlet and triplet states is very small. So that the resonance field of 15nT and 30% weaker and stronger magnetic fields can not induce obvious effects. If A x (= A y ) infinitely approaches A z the singlet yield is not angle-dependent any more, because the anisotropic of hyperfine coupling is destroyed and the transition between the singlet and triplet states is not allowed. From the discussion above, the suitable values of horizontal HF factors A x and A y for different A z which are consistent with the experimental results mentioned above can not be found in this very weak hyperfine coupling regime.
In the strong hyperfine coupling regime of A z /γB 0 > 3, when we do not consider the horizontal HF coupling factors, i.e., A x = A y = 0, the singlet yield profile is regular and decreases monotonously with the direction angle. The resonant field of 15nT can not influence the singlet yield, and the obvious effects of 30% weaker and stronger fields can not be observed neither. Furthermore, we consider the values of horizontal factors A x = A y = 0. For a fixed A z we consider A x (=A y ) from 0 to A z , and numerically calculate the singlet yield from Eq. (3). According to our numerical calculation we find that if the strength of A x (= A y ) increases to some values, the obvious influences of 30% weaker and stronger magnetic fields can be observed, but the effect of the oscillatory field of 15nT can still not be observed. Here, we set A z = 5A x /3 = 5A y /3 = 5γB 0 as an example and show the results in Fig. 2. From Fig. 2 it can be seen that, the resonant fields of 15nT and 5nT can not influence the singlet yield, however, the influences of 30% weaker and stronger magnetic fields will be observed. From our numerical calculations we find that the singlet yields for the small angles vary slightly with the HF coupling parameter in this strong hyperfine coupling regime. On the contrary, the singlet yields for large angles, especially for θ ≈ π 2 , vary apparently. Moreover changing the geomagnetic field is similar to changing the HF coupling parameters, so that 30% weaker and stronger magnetic field can influence the singlet yield and induce obvious effects in this strong hyperfine coupling regime. In this regime, the strong hyperfine coupling plays a dominant role, and the oscillatory field of 15nT is relatively so weak that it can not induce evident effects. If we further increase A x (= A y ), the effect of resonant field of 15nT still not be observed, and the influences of 30% weaker and stronger fields can be observed, but the non-monotonicity will appear. Certainly if A x (= A y ) infinitely approaches A z the singlet yield is angle-independent, because the anisotropic of hyperfine coupling is destroyed and the transition between the singlet and triplet states is not allowed. As a result, the appropriate values of horizontal factors A x and A y that agree with all the experimental results for different A z can not be found in this strong hyperfine coupling regime. The singlet yield Φs as a function of the direction angle θ for B rf = 5nT (red dash) and 15nT (blue dot) compared with the reference value B rf = 0nT (black solid). And the singlet yield Φs for 30% stronger (olive dash dot) and weaker (orange dash dot dot) magnetic field without considering the resonant field, i.e., B rf = 0nT . B0 = 46µT , ω/2π = 1.315M Hz and Az = 5Ax/3 = 5Ay/3 = 5γB0.
In the transition regime of A z /γB 0 ∈ (2 × 10 −3 , 3), without considering horizontal factors, i.e., A x = A y = 0, we calculate Φ s for different A z . Generally, the singlet yield profile changes from increasing with the direction angle to decreasing. Then we consider the values of A x = A y = 0 for different A z in this regime. Generally, the singlet yield angular profile is very complex and strongly depends on the values of A x , A y and A z . According to different characteristics of the singlet yield angular profile, the transition regime can be further divided into three sub-regimes:
In sub-regime (a), we select more than ten values of A z . For each A z , we consider more than ten values of A x = A y ∈ (0, A z ), and calculate Φ s from Eq. (3). It can be concluded from our numerical calculations that we can always find some appropriate values of A x and A y for any fixed A z in this sub-regime that the monotonicity of the singlet yield profile can be observed. Moreover we can find some appropriate values of A x and A y for different A z so that the influence of the resonance field of 15nT can be observed. However, the effects of 30% weaker and stronger fields can not be found in this sub-regime. In sub-regime (b), similar to sub-regime (a), we numerically calculate the singlet yield from Eq. (3). From numerical calculations we can always find appropriate values of A x and A y for any fixed A z so that the fields which are decreased and increased by about 30% of the geomagnetic field can induce the transient disorientation and the 15nT orthogonal oscillating field can disrupt the birds. It is known that the resonant field of 5nT does not disturb the orientation [42] . From our numerical calculations we also find that for the above appropriate values of A x and A y with the fixed A z the 5nT resonant field changes the angular profile so slightly that the disorientation can not be induced. Here we take A z = 2A x = 2A y = γB 0 /6 as an example, and show the results in Fig. 3 . It can be seen from Fig. 3 that 30% weaker and stronger magnetic fields change the singlet yield significantly, but the monotonicity preserves perfectly, so that they induce disorientation transiently and the avian compasses could rework after a sufficiently long time to adapt themselves. The resonant field of 15nT destroys the monotonicity so that the magnetic sensitivity will be disrupted, and in contrast, the resonant field of 5nT changes the singlet yield so slightly that the disorientation can not be induced. Experimentally, the resonant fields of 480nT , 150nT and 48nT also disrupt the birds [40] [41] [42] . Thus we also consider the resonant fields of 480nT , 150nT and 48nT . Consistently, all the profile monotonicity is destroyed, i.e., the magnetic sensitivity is disrupted. In sub-regime (c), similar to the calculations of sub-regime (a), we can find the appropriate values of A x and A y that the obvious influences of 30% weaker and stronger field can be observed, but the singlet yield angular profiles are always non-monotonous. And the oscillating field of 15nT can not induce significant effects in this subregime. So far we have considered all the values of the 
hyperfine coupling parameters and for clarity the results are summarized in TABLE I. Without considering the environment, from the discussion above we can conclude that the appropriate values of hyperfine coupling parameters which are consistent with all the available experimental results can always be found in sub-regime (b) A z /γB 0 ∈ (0.1, 1), and the corresponding hyperfine factor A z ∈ (2.66 × 10 −7 meV, 2.66 × 10 −6 meV ). Moreover from numerical calculations we find that generally the appropriate values of A x and A y increase with A z . If we consider the mechanism of the interaction between the electron and nucleus spins, and let a = µ 0 µ B µ N /(4πa 3 0 ) as the energy scale, where µ B and µ N are the Bohr magneton and nuclear magneton respectively, µ 0 is the electric permittivity of free space, and a 0 is the Bohr radius for hydrogen. In this case, the optimal values of A z /a ∈ (1.35 × 10 −3 , 1.35 × 10 −2 ). Moreover as the behavioral experiments shown, if the birds are exposed to a stronger local field of B ′ 0 = 92µT whose corresponding Larmor frequency is 2.63M Hz, the resonance field of 15nT still disorients the birds, but that of 5nT does not [42] . Accordingly, we replace the geomagnetic field by a stronger field of 92µT and consider the same HF coupling parameters above, i.e., A z = 2A x = 2A y = γB 0 /6. For the resonant fields of 15nT and 5nT , we calculate Φ s and show the results in Fig. 4 . It can be seen from Fig. 4 that when the resonant field is 15nT , the monotonicity of the singlet yield is destroyed, and the magnetic sensitivity is disrupted. However, for the resonant field of 5nT , the change of the singlet yield is so little that the orientation can not be disturbed. Hitherto, we have investigated the effects of the "cigar-shaped HF tensor". One may ask whether for the "discshaped HF tensor", i.e., A x = A y > A z , there are appropriate values of the hyperfine parameters consistent with the experimental results mentioned above? Similar to "cigar-shaped HF tensor", when the horizontal factor A x (= A y ) is very weak the resonant field of 15nT and 30% weaker and stronger fields can not influence the magnetic sensitivity. If the horizontal factor A x (= A y ) is strong, 30% weaker and stronger fields will influence the singlet yield, but the oscillating field of 15nT will not. In the intermediate regime, we choose different values of horizontal factor A x (= A y ). And for each values of A x (= A y ), we consider A z from 0 to A x (=A y ), and calculate the singlet yield from Eq. (3). We find that without considering the environment the appropriate values of A z for different A x (= A y ), which are consistent with the available experimental results, always exist in the regime of A x /γB 0 (= A y /γB 0 ) ∈ (0.2, 0.7). And the corresponding hyperfine coupling parameter A x (= A y ) ∈ (5.32 × 10 −7 meV, 1.862 × 10 −6 meV ). In the case of energy scale a, the hyperfine parameter A x /a (= A y /a) ∈ (2.70 × 10 −3 , 9.44 × 10 −3 ). Here we take A x = A y = 10 9 Az = γB 0 /2 as an example and numerically calculate the singlet yield from Eq. (3). The results are shown in Fig. 5 . It can be seen from Fig. 5 that, without considering the resonance field, i.e., B rf = 0nT , the singlet yield increases monotonously with the direction angle. Under the influence of 15nT oscillating field, the monotonicity is destroyed, and the orientation is disrupted. However, for the resonant field of 5nT the singlet yield changes so slightly that the disorientation can not be induced. 30% weaker and stronger magnetic fields change the singlet yield significantly, but the monotonicity preserves, so that avian compass will disorient transiently and rework after a sufficiently long time to adapt itself. From the discussion above it is known that for both the "cigar-shaped HF tensor" and "disc-shaped HF tensor" without considering the environment the values of HF coupling parameters should be the order of 10 −7 ∼ 10 −6 meV . Decoherence is unavoidable at room temperature. Recently several interesting works have investigated the effects of decoherence noise [17, 19, 23, [43] [44] [45] [46] . Firstly we consider the generic noise model [19] :
IV. EFFECTS OF DECOHERENCE
with the decoherence rate Γ 1 , where the noise operators L i are σ x , σ y , σ z for each electron spin individually. We consider the optimal values of HF coupling parameters A z = 2A x = 2A y = γB 0 /6, and numerically calculate the singlet yield with different decoherence rates. Here we take Γ 1 = 10k, 1k and 0.1k as examples and plot their corresponding singlet yield angular profiles in Fig.   6 . From our numerical calculation we find that when Γ 1 is approximately equal to or lager than 10k the resonance fields of 15nT and 5nT and 30% weaker and stronger fields can not influence the magnetic sensitivity, which can be seen in Fig. 6 (a) . If Γ 1 approximately equals 1k, it can be seen from Fig. 6 (b) that, 30% weaker and stronger fields will influence the singlet yield significantly, but the non-monotonicity will arise. And the resonant fields of 15nT and 5nT can not influence the singlet yield. If Γ 1 is approximately equal to or lower than 0.1k, it can be seen from Fig. 6 (c) that the singlet yield decreases monotonously with the direction angle. Interestingly, when Γ 1 ≈ 0.1k the angular profile becomes flat at the small angle regime under the influence of the reso-nant field of 15nT , and if Γ 1 < 0.1k the monotonicity will be destroyed. This means that the 15nT oscillating field can disrupt the magnetic sensitivity, but that of 5nT can not. Moreover, 30% weaker and stronger fields influence the singlet yield significantly but preserve the monotonicity perfectly. In conclusion for the generic noise model, in order to satisfy the available experimental results, the decoherence rate should be approximately equal to or lower than 0.1k. Then we investigate the correlated and uncorrelated dephasing noises [23] ,
The noise operators are L 1 = (
z ], where σ z is Pauli operator. The parameter d characterizes how correlated is the dephasing, i.e., d = 0 for uncorrelated dephasing and d = 1 for a perfectly correlated one. We still set A z = 2A x = 2A y = γB 0 /6 as an example and numerically calculate the singlet yield under these noises with different decoherence rates. From our calculations we find that the correlated and uncorrelated dephasing noises have similar influences on the singlet yield when decoherence rate changes from 0.01k to 1k. Therefore we only show the effects of the correlated noise. Here, we take Γ 2 = 1k, 0.1k and 0.01k as examples and plot their corresponding singlet angular profiles in Fig. 7 . From our numerical calculation we find that when Γ 2 is approximately equal to or lager than 1k, the resonant field of 15nT and 30% weaker and stronger fields can not influence the singlet yield, which can be seen in Fig.  7 (a) . If Γ 2 approximately equals 0.1k it can be seen from Fig. 7 (b) that, 30% weaker and stronger fields do influence the singlet yield but not greatly. And the oscillating fields of 15nT can not influence the singlet yield. When Γ 2 is approximately equal to or lower than 0.01k, it can be seen from Fig. 7 (c) that 30% weaker and stronger magnetic fields change the singlet yield significantly, but preserve the monotonicity perfectly, so that avian compass disorients transiently and reworks after a sufficiently long time to adapt itself. The resonant field of 15nT destroys the monotonicity so that the magnetic sensitivity is disrupted, and in contrast, the resonant field of 5nT changes the singlet yield so slightly that the disorientation can not be induced. Thus in order to satisfy the available experimental results, the decoherence rate of the dephasing noise model should be approximately equal to or lower than 0.01k. We can conclude that the values of HF coupling parameters should be the order of 10 −7 ∼ 10 −6 meV as long as the decoherence rate is approximately equal to or lower than 0.1k for the generic noise model, and is approximately equal to or lower than 0.01k for the correlated and uncorrelated dephasing noise model.
In this paper, we assume the monotonicity of the singlet yield angular profile as the prerequisite of direction sensitivity, adopt the basic model of the avian compass, and consider the common noise models. And we find that in order to satisfy all the experimental results mentioned above, especially the effect of 15nT oscillating field, the decoherence rate should be the order of 0.1k for the generic noise model and 0.01k for the dephasing noise model respectively. The low decoherence rate of those noise models might be understood as follows. (1) As we have mentioned above the lifetime of radical pair should be the order of 10 −4 s, i.e., k = 10 4 s −1 [19, 20] , and we will further give the reason why k should be the order of 10 4 s −1 in section VI. We believe that the decoherence rate generally should be less than the lifetime of radical pair, so the low dcoherence rate is plausible. (2) The experiment showed that the resonant field of 15nT disrupts the birds, which is extremely weak relative to the geomagnetic field of 46µT . It was pointed out that the slow spin flip time which is induced by the resonant field of 15nT implies that the process it disrupts must be slow too [46] , so the coherence time should be the order of milliseconds. What kind of noise model is appropriate for the avian compass model really needs further study both theoretically and experimentally, and in this way the mechanism of the long coherence time in the radical pair might be understood completely. Actually the electron spin relaxation time of the molecules has been investigated [47] [48] [49] , and the coherence time 0.25ms for a molecular electron spin has been reported [47] . The related problem of decoherence in a singlet/triplet quantum dot has also been studied in Refs. [50, 51] .
V. EFFECTS OF THE FLUCTUATING FIELDS
Besides the intrinsic decoherence noises, there are ubiquitous external magnetic noise around the avian compass. So we investigate the effect of the fluctuating magnetic noise on the avian compass. We replace the resonant field by a fluctuating magnetic field
where B ′ (t) describes the strength of the fluctuating field, ϑ and ϕ are its direction angles. We also set ϕ = 0 due to the axial symmetry of the HF tensor. Here, two kinds of fields are investigated: the fluctuating fields parallel and vertical to the geomagnetic field. For the parallel case, ϑ = θ; and ϑ = π 2 − θ for the vertical case. The total Hamiltonian can be written as
with 1, 2) . In the interaction picture, the Liouville's equation can be written as ( = 1)
where, ρ I (t) = e iH0t ρ(t)e
and
Generally, Eq. (8) can be solved by iteration [52, 53] ,
Due to the random magnetic field, the average density matrix satisfies the following equation:
We consider a Gaussian white noise, i.e., B ′ (t) = 0, thus the n ′ th-order correlation can be written as
with (n − 1)!! = (n − 1)(n − 3) · · · 5 · 3 · 1 [54] . We assume that B ′ (t)B ′ (τ ) = Γδ(t − τ ), i.e., the Markovian process, and obtain
which is just the iterative expression of the following differential equation [52, 53] ,
In the Schrödinger picture, it can be written as For B 0 = 46µT , we numerically calculate the singlet yields when the fluctuating fields are parallel and vertical to the geomagnetic field, and the results are shown in Fig. 8 . It can be seen from Fig. 8 that the vertical fluctuating field destroys the monotonicity of the singlet yield profile, and thus the avian compass can not work. In contrast, when the avian compass is exposed to the parallel fluctuating field, the monotonicity of the singlet yield profile is preserved perfectly. These results are similar to the results of the parallel and vertical resonant fields. Furthermore, we can find from Fig. 8 that for the parallel magnetic noise, all the singlet yields for different angles decrease with the increasing noise but the difference between the maximum and the minimum singlet yields increases. Similar to the effects of 30% weaker and stronger magnetic fields, the significant change of singlet yield might disorient avian compass transiently and the preservation of the monotonicity will re-orient the avian compass after a sufficiently long time to adapt itself. Moreover, the increasing of the difference between the maximum and the minimum singlet yields means that the parallel noise can enhance the direction sensitivity of the avian compass. Recently, it has been pointed out that the lifetime of radical pair should be the order of 100µs, i.e., k = 10 4 s −1 [19, 20] . Now, we further discuss the validity of it. As we know the radical recombination probability distribution r(t) = k exp(−kt) decays to zero when t ≈ 10k −1 , and there is no singlet yield to be generated after that. Without considering any decoherence noise and magnetic noise, we numerically calculate the singlet state population f s under the influences of the additional weak radio frequency fields of 15nT and 5nT . We let ω 0 = 1 100µs = 10 4 s −1 for convenience. Fig. 9 shows the different periods of evolutions of the singlet state population f s for B rf = 0nT , 5nT and 15nT with B 0 = 46µT , A z = 2A x = 2A y = γB 0 /6 and θ = 0.1. From Fig. 9 , we can see that there are no evident effects of the oscillating fields of 15nT and 5nT before t ≈ 2.0ω
0 . While r(t) decays to zero when t ≈ ω 
0 , therefore the field of 15nT can induce obvious effect but the field of 5nT can not. If we consider the case of k = 10 3 s −1 , r(t) would survive until about t ≈ 100ω −1 0 , as a result, both the influences of the radio frequency fields of 5nT and 15nT can be observed, i.e., the disorientation can be induced by the resonant fields of 5nT and 15nT . However, as reported by Ritz et al., the most weak intensity of the resonant radio frequency field which disorients the birds is 15nT , and the birds will not be disturbed when it is exposed to 5nT orthogonal oscillating field [42] . Here, we also consider other direction angles and other values of the HF tensors, and find that the influence of resonant field of 15nT always appears after t ≈ 3.0ω 
VII. CONCLUSIONS
Although many theoretical works on avian compass have been done, until now the experimental results have not been fully considered, and according to our knowledge the effects of the HF coupling parameters have not been fully considered. In this paper based on the available experimental results by far, we have estimated the values of the HF coupling parameters. We have found the optimal values of the HF coupling parameters, which should be the order of 10 −7 ∼ 10 −6 meV , so that all the available experimental results can be satisfied. Furthermore, we also investigate different decoherence models and demonstrate that, in order to satisfy all the available experimental results by far for the general noise model the decoherence rate should be equal to or less than 0.1k, while for dephasing noise model the decoherence rate should be equal to or less than of 0.01k. Due to the inevitable random magnetic noise around the world, we have finally studied the effect of random fluctuating magnetic field. We have found that the parallel fluctuating field changes the singlet yield significantly, but preserves the monotonicity of the singlet profile perfectly, and even can enhance the direction sensitivity. Oppositely, the vertical fluctuating field destroys the monotonicity, and disrupts the orientation.
